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Ris National Laboratory, Roskilde, Denmark
August 2000
Abstract Thin diblock copolymer lm have been investigated by x-ray and
neutron reectivity as well as small angle x-ray and neutron scattering. Two model
systems have been investigated. PS-PDMS (25 kg/mol-25 kg/mol), which has
a glass transition temperature of ca. 100
o
Cfor the PS-block. This means that
the structure can be frozen below that temperature, thus the development of
the lamella structure may be follow by reectivity. It was, however, not possible
to reach the expected equilibrium structure. Hence the second model system,
deuterateted PEP-PDMS (4.4 kg/mol-4.4 kg/mol) was chosen for its low glass
transition temperature -56
o
C. This means that the system spontaneously should
form lammela ordered structures at room temperature. This ordering was studied
by neutron reectivity and small angle neutron scattering in the temperature
range from -140
o
C(below PDMS' glass transition temperature, -127
o
C) and up to
250
o
C(above the order-disorder temperature, 165
o
C). Results were found to be
in perfect agreement with theory. Surface morphology as function of temperature
was also measured, and holes in the surface resembled the periodicity measured
by reectivity.





Information Service Department  Ris  2000
 
		 
ﬀﬁﬀﬁﬂﬃ! "$#&% "'"()%*+$,'"-.%0/132.%546.73*"'"%5ﬀﬁ*10800909090090809009090900 :
;<=	>?@BA3DCFEA3	&G? H
I-.J$ "J$K5'L% "(M5J$'L(ﬂN,ﬃO$4)73ﬀﬁ%5 P*Q09009090800909090090809009090900 R
I IﬃS-TJ*P%8UV%-.JXW3()$ Y9090080909009090800909090090809009090900 Z
I [ﬃS-373*P()KJ4ﬃS P#%5 P'L(%5*90080909009090800909090090809009090900 ]\
I [ ^+4J*P*`_ PJﬂT*"('L(ﬂa_%ﬀﬁ#&% "J$'Lb. P%N9090800909090090809009090900 ]\
I [ I 6.$4)bTc.()4('d7e090080909009090800909090090809009090900 
I [ [ 6.bT ",fJ$K5%9gSﬂ.% "h$7i080909009090800909090090809009090900 ][
I j6.KJ4()ﬂ.hﬁUV%5-TJXWk( V$,'"-.%0/1(K5 Pk2TﬀﬁJ(ﬂ.*i090800909090090809009090900 ]j
I j l8()*P P2.% "%2N6.'"J'"%m80909009090800909090090809009090900 ]j




[ x%5b.'" "$ﬂ.*090080909009090800909090090809009090900 ]:
[ I xu PJX73*09090080909009090800909090090809009090900 II
[ I_`-.% P7,z|%5}T%5K5'"()W3('d7080909009090800909090090809009090900 I[
[ I dﬂ3'L% "J$K5'"()$ﬂN`('L-/1J$'L'L% 9009090800909090090809009090900 I[
[ I I z|%}.%5K'L(W3()'d7NgS3b.J'"()$ﬂ.*Ł09009090800909090090809009090900 Ij
[ I [ l873ﬂ.Jﬀﬁ(K5J4_`-T%5 P70909009090800909090090809009090900 Io
[ I j 0(ﬂ.%5ﬀﬁJ$'L(K5J4x#.#. PX3()ﬀﬁJ'"()$ﬂŁ09090800909090090809009090900 IR
[ [z|%*"$4)b.'"()$ﬂ 909090080909009090800909090090809009090900 [\
[ [ z|%*"$4)bT'L(ﬂa,f `JD_`+=3()*Vz|%}.%5K'L$ﬀ%'L% `0909090090809009090900 [\
[ [ I z|%*"$4)bT'L(ﬂaTb.ﬂ.K'L(ﬂ,f `JD_`-T "%%5=3()*V6.#%5K'L Pﬀﬁ%5'"%5 00090809009090900 [
[ j6.ﬀﬁJ44xﬂ.h4%06.K5J$'L'"%5 P()ﬂ.h080909009090800909090090809009090900 [j
[ j xu PJX73*09090080909009090800909090090809009090900 [j
[ j I x%5b.'" "$ﬂ.*090080909009090800909090090809009090900 [j
v.@Bs>uA<0GAksv.Gv.	 p
j{_`-.(ﬂ.4)ﬀﬁ*0909090080909009090800909090090809009090900 [o
j ﬃ!() PJﬂ.-TJ4%5J$ﬂ.()ﬂTh80909009090800909090090809009090900 [o
j I 6.#T()ﬂJ*P'L(ﬂ.h0080909009090800909090090809009090900 [o
j [ ﬃOJ$ "J$ﬀ%'L% "*0ﬂ3'L P44()ﬂ.h'L-T%0(4ﬀ_`-.(K]3ﬂ.%5*P*09090090809009090900 [





o I6.ﬀﬁJ44xﬂ.h4%0= "JX7D6TK5J'"'L% "(ﬂ.hQ09009090800909090090809009090900 jo
o [6.ﬀﬁJ44xﬂ.h4%0=%b.'L Pﬂa6.K5J$'L'"%5 P()ﬂ.h19009090800909090090809009090900 jo
o j=%b.'L Pﬂz|%}.%5K'L(W3()'d7¤0080909009090800909090090809009090900 jR
[
¥¦¨§©ª¨¦©§«¬N¥¦©­®¯°1¥®±x±=².¦¨§³fª´ﬁ³fµ¬$¯ª¨¶¸·0¯¹.¯¬5®±x².§º0»³f¼Y½V³f¬$±x¾
o o`'L$ﬀﬁ()K0& PK5%9/1(K5 P*PK5#37¿0909009090800909090090809009090900 jR
y<0q8<+
<0 a¡¢ À
:{6.ﬀﬁJ44xﬂ.h4%0= "JX7D6TK5J'"'L% "(ﬂ.hQ09009090800909090090809009090900 o\
: I= PJX7z|%5}T%5K5'"()W3('d7£090080909009090800909090090809009090900 o
: [_`-.(ﬂ(4ﬀÁ6.'" "bTK5'LbT "%9,ﬃSg!ﬃSﬃSl8/16 9090800909090090809009090900 o[
: [ xﬃS6/1%5J$*"bT "%ﬀ%ﬂ3'L*Â909009090800909090090809009090900 oo
: [ I l8%5'"J(4)%2a6T'L Pb.K5'"b. "%0xﬂ.J473*"(* 9090800909090090809009090900 o:
: j_%5ﬀﬁ#&% "J$'Lb. P%9lx%#&%ﬂ.2.%ﬂ.K57a/1%5J$*"bT "%ﬀ%ﬂ3'L*Vc37=%b.'L Pﬂz|%}.%5K'L(Wk('d7Ã809009090900 :\
: o_%5ﬀﬁ#&% "J$'Lb. P%9lx%#&%ﬂ.2.%ﬂ.K57a/1%5J$*"bT "%ﬀ%ﬂ3'L*VﬃO%5 P,f Pﬀﬁ%52c376T==6Ä90809009090900 :\

























` Iß= PJX7k*à900909090080909009090800909090090809009090900 ]Z
` [ß_%5ﬀﬁ#&% "J$'Lb. P%9lx%#&%ﬂ.2.%ﬂk'ﬂ.*P'LJ$ﬂk'"*`,f `ﬃ!gSﬃSﬃSl8/16 9090090809009090900 R\
` já^+4J*P*`_ PJﬂ.*P('L(ﬂa_%ﬀ#%5 PJ'"b. P%â09009090800909090090809009090900 R\
` oß6.b. P,fJK%0_%ﬂ.*P()$ﬂ.*ß090080909009090800909090090809009090900 R\
` :ßã=(42.%5c. PJﬂT2aﬃOJ$ "J$ﬀﬁ%5'L% "*8080909009090800909090090809009090900 R\
`ÝgSﬀﬁ#.( P()KJ4Å4)$ "73ã=b.h$h(ﬂ.*VﬃOJ PJﬀﬁ%5'"%5 P*ä9090800909090090809009090900 R
j z=()*Påz|]]\R¨æçgSè
dﬂà'"-.(*a#T "êéL%5K5'GëVJﬂàJ'L'"%5ﬀﬁ#.'+J*ﬀﬁJ$2.%Ñ'"ﬀﬁ%5J$*"bT "%Ñ'L-.%*"'" "bTK5'LbT "J$4x2.73ﬂ.J$ﬀﬁ()K*N(ﬂàJ¸*"73ﬀﬁﬀﬁ%5'L P(K£2.(c.4kK]
K5$#&$4)73ﬀﬁ%5 D'"-.(ﬂÜ.4)ﬀìb.*P()ﬂThBK5ﬀﬁ#.4%5ﬀﬁ%ﬂk'"J P73 "JX7BJ$ﬂ.2Üﬂ.%5bT'L PﬂÎ "%}.%5K'L(W3()'d73Ü_`-.% P%5}.%K5'"()W3('d7'L%K]-.ﬂ.(3b.%
J44X`*,f$ DJâK5ﬀﬁ#*P()'"()$ﬂ.J4V#. PT4)(ﬂ.hâ,x'L-.%'"-.()ﬂÎ.4ﬀ1Ydﬂ¸Jâ PJﬂ.h$%N$,x%3#&% "(ﬀﬁ%5ﬂ3'L*XëO('D!J$*ﬁ()ﬂ3'L%ﬂ.2.%2Y'"
cT*"% "W$%'L-T%a2T%5W%4)$#.ﬀﬁ%5ﬂ3',f "$ﬀíJÑ2T()*P P2.%5 P%52'LâJﬂ¸ P2.%5 P%52¸*"'" "b.K'Lb. P%a()ﬂY'L-.%Kﬂ..ﬂT%52Yh%5$ﬀﬁ%5'L P7kB=*ﬁJ
ﬀﬁ32.%54*P73*"'"%5ﬀ1ëkﬃS6Tuﬃ!lx/16Bæçîðïñóò"*"'d73 P%5ﬂ.%îðïñôò"2T()ﬀﬁ%5'"-37k4*P()4X3Jﬂ.%3è!J$*`K]-.*P%5ﬂN,f |*P%5W$%5 PJ4 "%J*Pﬂ.*Xõ
ö




Yﬂ3b.ﬀ÷c&% t,&2.(ø&% "%ﬂk'Oﬀﬁ$4)%K5b.4J Å+%5(h-3'L*Å+%5 P%+J$'Å-.Jﬂ.2ëXJ44X`()ﬂ.h8,f OJ9ﬀﬁ4%5Kb.4J Å!%()h$-3'2T%5#%5ﬂ.2.%ﬂ.K57
()ﬂ3W%*"'"()h$J'"()$ﬂ,'L-.%02T7kﬂTJﬀﬁ()K*`()ﬂ'"-.%0*"73*P'L%ﬀ
ö
`'t "3$ﬀŁ'"%5ﬀﬁ#&% "J$'Lb. P%`'L-T%=ﬃS6Tuc.43K]ù(*S(ﬂ'L-T%|h4J*P*t*P'LJ'"%kë-.%5ﬂTK5%|('S*P-.bT4)2Dc%=#*P*"(c.4%|'LBú,f P%5%5M%5û0'"-.%
*"'" "b.K'Lb. P%=J$'SJ$ﬀùc.(%5ﬂ3'+K5ﬂT2.()'"()$ﬂ.*X_`-T()*+()*V(ﬀﬁ#&$ "'"Jﬂ3'!c%5KJb.*P%=J÷*"(ﬂ.h$4)%8 "%}.%5K'L(W3()'d7ﬁﬀﬁ%5J$*"b. P%5ﬀﬁ%ﬂk'!ﬀﬁJX7
'LJ$%xbT#a'"DRﬁ-.b. P*`JﬂT2N'"-.%02.73ﬂ.Jﬀﬁ(K5*`(ﬂ'L-.%0*P73*"'"%5ﬀÊKb.42c&%0,fJ$*"'"%5 `'L-TJﬂ'L-.J$'

_`-.%D#473ﬀ% ù+J*02.(*P*"$4)W$%52â()ﬂBK]-T4)$ "$,f Pﬀi()ﬂBKﬂ.K%5ﬂ3'L PJ'"()$ﬂ.*0,F\Jﬂ.2Õ]\$\ﬀﬁhüﬀﬁ4d_`-T%D'L-.(ﬂ.4ﬀﬁ*
+%5 P%8*P#.(ﬂK5J*P'L%2ﬂK54%5J$ﬂ.%52*P()4()Kﬂa*"bTc.*"'" "J$'L%*GÅ_`-T%0*"#.(ﬂK5J$*"'"()ﬂ.hDﬀﬁ%'L-.32#. PXWk(2.%*`-.()h$-.47b.ﬂ.(,f PﬀT4)ﬀﬁ*X
ýﬂ3b.ﬀùc%5 V,3u PJX7ﬁ "%}.%5K'L(Wk('d7Dﬀﬁ%5J$*"b. P%5ﬀﬁ%ﬂk'"*V!% "%x#&% ",f$ "ﬀﬁ%52Nﬂa'L-.%9*PJﬀﬁ#.4%5*V`('L-a2.()ø%5 P%5ﬂ3'V'L-T()K]3ﬂ.%*"*P%5*X
þ
ﬂT,f P'Lb.ﬂ.J$'L%4)7'L-T%÷*P73*"'"%5ﬀÄ*"(ﬀﬁ#.47a-TJ21(ﬂ.*Pb.ßﬁK5(%5ﬂ3'x3 "JX7NK5$ﬂk'" "J$*"'=c&%'d!%%5ﬂ1'"-.%÷'d+cT4)3K]3*='" P%5*P4W%F'"-.%
%53#%5K'L%52ù4)JX7$%5 P%5294)J$ﬀﬁ%544)J$ *"'" "bTK5'LbT "%36.ﬀﬁJ44J$ﬂ.h4%tﬂ.%b.'L Pﬂ0*PK5J$'L'"%5 P()ﬂ.hæf6.x=6èT%53#%5 P()ﬀﬁ%5ﬂ3'"* P%5W%J4%529J|'"-. "%%
2.(ﬀﬁ%5ﬂ.*P()$ﬂ.J4ð*P'L Pb.K'Lb. P%këG`-T()K]-ﬁ+J*Åﬂ.'O(ﬂﬁ'L-.% "ﬀﬁ32.73ﬂ.J$ﬀ(K5J$43%53b.(4)(c. P()b.ﬀŁ2.%5*P#.('L%`J$ﬂ.ﬂ.%5J$4)(ﬂ.h8,f O*P%5W$%5 PJ432.JX73*
J'Fo\ k`
_0K5ﬂ3'"()ﬂ3b.%`'"-.%|#. PXéL%K5'
ëêJﬂ.$'L-.% tﬀﬁ32.%54.*P73*"'"%5ﬀ !J$*O()ﬂ3'" "32.b.K%52ﬃSg!ﬃSﬃSl8/16æçîðïñôò"%'L-3734)%ﬂ.%5#. P#3734%5ﬂ.%
îðïñôò"2.(ﬀﬁ%5'"-k734*"(4XkJ$ﬂ.%kè0`()'"-ÕJBﬀﬁ4%5K5bT4)J$ !%()h$-3'D,9j jB3hüﬀﬁ$4`,9%5J$K]-YcT4)3K])dä_`-.(*ﬀﬁ32.%54x*"73*P'L%5ﬀ
-.J$2Ü()ﬂÜJB#. P%5W3(b.**"'"b.2.7)=*P-.X`ﬂÎ*"b.('LJ$c.4%13u PJX7K5$ﬂ3'L PJ*P'
Ü_`-T%1ﬂ.%5bT'L PﬂÎK5$ﬂk'" "J$*"'D+J*%5ﬂ.-.J$ﬂ.K5%2Îck7
2.%b.'L% "J$'L(ﬂ.h'"-.%ﬁﬃSgSﬃ!ucT4)3K]`xu PJX7N P%5}T%5K5'"()W3('d7ﬀﬁ%5J*Pb. P%5ﬀﬁ%5ﬂ3'"*=+%5 P%ù#%5 P,f Pﬀ%2£$ﬂ1'L-.%ﬁ.4ﬀﬁ*9'LJ$*"K%5 P'LJ$()ﬂ
'L-T%5( | P()%ﬂ3'LJ'"()$ﬂ.J4$ "2T%5 P()ﬂ.h¨
þ
ﬂT,f P'Lb.ﬂ.J$'L%4)73ëð'L-T%FK5$ﬂk'" "J$*"'Vc%5'd+%5%ﬂa'"-.%Fc.43K]3*|!J$*`ﬀùb.K]-4X!% `'L-.J$ﬂ'L-.J$'
c%5'd+%5%5ﬂ'"-.%Fc.43K]3*=JﬂT2'L-.%F*Pb.c.*P'L PJ'"%kë.ﬀJ$3()ﬂ.hD('=2T()ßﬁK5bT4)'x'Lﬀﬁ%5J$*"bT "%0'"-.%F%53#%5K'L%524Jﬀﬁ%4)4J |$ "2T%5 P()ﬂ.hD(ﬂ
'L-T()ﬂ1T4)ﬀﬁ*DæL]\$\R\$\
	è"k_`-.(K]%5 x.4ﬀ*ﬁæfKJTj\\$\
	ﬁè*"-.X+%52'"-.%ù%k#%5K'L%21 P2.%5 P(ﬂ.hDc.b.'x'L-.%÷ﬀJ$ﬂ37N4JX7% "*|(ﬂ
'L-T%8T4)ﬀQæçK5J¨kIRèﬀﬁJ2.%9('VWk( P'Lb.J$4)47D()ﬀﬁ#*P*"(c.4%9'Lﬁﬀﬁk2T%54'L-T%8Kﬀﬁ#*P()'"()$ﬂ.J4¨#. P.4%8()ﬂa'L-.%9.4ﬀ1gS3#.4('L(ﬂ.h
'L-T%8-T()h$-Nﬂ.%b.'L PﬂaK5$ﬂ3'L PJ*P'
ë$JﬁﬂkbTﬀùc%5 V,ﬂ.%5b.'" "$ﬂN P%5}T%5K5'"()W3('d7D%53#%5 P()ﬀﬁ%5ﬂ3'"*`!% "%8#&% ",f$ "ﬀﬁ%2N$ﬂ'L-T%0'L-.(ﬂ.ﬂ.% 
.4ﬀﬁ*G_`-.%0 P%5*Pb.4'L*` P%5W$%5J4%52N'L-.%0%3#&%K5'L%2#&% ",f%K5'` P2.% "(ﬂ.h,'L-.%04Jﬀﬁ%544JJ$ﬂ.2a*"-.X+%52aJﬁh332NKﬂ.*P(*"'"%5ﬂ.K7
`('L-c.b.4ﬀﬁ%5J$*"bT "%ﬀ%ﬂ3'L*X
_D#&% ",f$ "ﬀÁ'L-.%F*P'L Pb.K'Lb. PJ42T7kﬂTJﬀﬁ()K*|%53#%5 P()ﬀﬁ%ﬂk'"*Gëð'L-.%F*PJﬀﬁ#.4%F+J*`c. PbTh-3'`()ﬂ3'"D'L-.%F2T()*P P2.%5 P%52a*P'LJ'"%
JcXW%à]:$o $Yæf$ "2T%5 Pu2.(*P P2.%5 'L PJﬂ.*P()'"()$ﬂ÷'"%5ﬀﬁ#%5 PJ'LbT "%3èJﬂ.2'L-.%ﬂﬁc.JK]F(ﬂ3'L0'"-.%` P2.%5 P%52÷*"'"J'"%k_`-.%
K5$ﬀﬁ#&$*"('L(ﬂ.J$4T#. PT4)%|+J*!ﬀﬁ%5J*Pb. P%52c37ﬂ.%5bT'L Pﬂ P%5}.%K5'"()W3('d7kd'S3b.(K]34)7ﬁc%5K5J$ﬀﬁ%=J#T#.J P%5ﬂ3'O'L-TJ'+'L-.%x*"73*P'L%5ﬀ
-.J$2N$ "2.% "%2Nﬀ÷b.K]-a,fJ*P'L%5 `'"-.Jﬂ'"-.%0JKkbT()*P()'"()$ﬂN'"()ﬀﬁ%0,f$ `'L-.%0ﬂ.%b.'L Pﬂa%53#%5 P()ﬀﬁ%ﬂk'G
dﬂa'L-.%9-.$#&%9,Fú'" "J$#.#.(ﬂ.hû÷'L-.%0*P73*"'"%5ﬀ (ﬂa'"-.%9()ﬂ3'"%5 Pﬀ%2.(J'L%9*P'LJ$'L%8c&%'d!%%5ﬂa'L-.%0Kﬀﬁ#.4%5'L%4)7 P2.%5 P%52J$ﬂ.2
2.(*"$ "2T%5 P%52a*"'"J'L%3ëð'"-.%F*P7k*P'L%ﬀ+J*`J$hJ(ﬂc. Pb.h$-k'V(ﬂ3'LD'L-T%F2.(*"$ "2.% "%2N*P'LJ$'L%FJ$ﬂ.2'L-.%ﬂ3b.%5ﬂ.K]-T%52'L]]\$\ 
`('L-.(ﬂoﬁﬀ(ﬂÅ_`-T%0. "*P'`JﬂT2N'"-.() P2 P2.%5 `UV PJh$h÷#%5J$k*`+%5 P%9ﬀﬁ%5J*Pb. P%52a`()'"-.bT'`c.JK]3h PbTﬂ.2æç "%2.b.K5(ﬂ.hD'"-.%
o
¥¦¨§©ª¨¦©§«¬N¥¦©­®¯°1¥®±x±=².¦¨§³fª´ﬁ³fµ¬$¯ª¨¶¸·0¯¹.¯¬5®±x².§º0»³f¼Y½V³f¬$±x¾
JK3b.()*P('L(ﬂF'"()ﬀﬁ%kèT'L82.%'L%5 Pﬀﬁ()ﬂT%S'L-T%!2.%h P%5%!,ð P2.% "(ﬂ.h|(ﬂù'"-.%!T4)ﬀ J$'(ﬂ.K5 P%5J$*"(ﬂ.h|'"%5ﬀﬁ#%5 PJ'LbT "%*J$*'L-T%!*PJﬀﬁ#.4%
-.%J'L%2b.#N,f PﬀF]\$\ `
þ
ﬂ.,f P'Lb.ﬂTJ'L%4)73ëk'L-.%0*P73*"'"%5ﬀÁ!J$*+$ "2T%5 P%52a%5W%ﬂN(ﬀﬁﬀﬁ%52.(J'"%547J,f'"%5 `3b.%ﬂ.K]-.(ﬂ.h





`è()ﬂJﬁK5$ﬀùc.(ﬂ.J$'L(ﬂ$,ﬂ.%b.'L Pﬂa P%5}.%K5'L(W3()'d7Jﬂ.2a*"ﬀﬁJ$4)4J$ﬂ.h4%xﬂT%5b.'" "$ﬂN*PK5J$'L'L% "(ﬂ.hﬁJﬂT2NKﬀﬁ
#.J$ "%2B'L£'"-.%aK5 P P%5*P#&$ﬂ.2.(ﬂ.hc.b.4âW
J$4)bT%5*X_`-.%N2.J'"J£.'"'L%52¸'L-.%N*"KJ4()ﬂTh£'L-T%5 P7J*ù+%544+J*'L-.%NJﬂ.J$4)73'L(K5J$4
%53#. P%5*P*P()$ﬂ.*Vh(W%5ﬂa,f `*P73ﬀﬁﬀ%'L P()K92.(c.43K]K5$#&$4)73ﬀﬁ%5 `ﬀﬁ%54'L*X
_`-.%F*Pb. P,fJK%0'L#h$ "J$#.-37+J*=(ﬂ3W%*"'"()h$J'L%2ck7a=Å/ æçJ'L$ﬀﬁ()KF,f$ "K%Fﬀﬁ()K "$*"K#37èJﬂ.2JD4J Ph%02T()ø%5 P%5ﬂ.K%
(ﬂY$ "2T%5 P()ﬂ.hJﬂT2¸*Pﬀﬁk$'L-.ﬂT%5*P*D!J$*D,fb.ﬂ.2Îc%5'd+%5%ﬂ¸'"-.%ﬃS6.ﬃSl8/16YJﬂ.2Î'"-.%ﬃSg!ﬃSﬃSl8/16ﬀﬁ32.%54`*P73*"'"%5ﬀﬁ*X
_`-.%aﬃS6.ﬃSl8/16¸ﬀ32.%4V*"73*P'L%5ﬀÃ*P-.X+%52JÑ#.J P'L(J4472T()*P P2.%5 P%52*"b. P,fJK%`('L-YJ£-.(h-¸*"bT ",fJ$K5%K P "bThJ'"()$ﬂ
dﬂKﬂ3'L PJ*P'
ë'L-T%ﬃSg!ﬃSﬃSl8/16âﬀﬁk2T%54+*"73*P'L%5ﬀ  P%5W$%5J4%52âJÑ*"ﬀﬁ3'"-B*"b. P,fJK%c.b.'`('L-#.J$ "'"()J$4)47#&%ﬂ.%5'" "J$'L(ﬂ.h
-.$4)%*G9dﬂ'L-T%-T4%5*92.(*"K "%'L%*"'"%5#.*9+%5 P%ùcT*"% "W$%521`('L-JN#%5 P(k2T()K()'d71Kﬀﬁ#.J$ "J$c.4)%÷'La`-.J'8+J*9ﬀﬁ%5J*Pb. P%52
c37ﬂ.%b.'L Pﬂ P%5}.%K5'L(W3()'d7Jﬂ.2a6.=x6
Õ-.%J'O*P'LJ$h%`,f S'L-.%|xÅ/i!J$*t2.%*"(hﬂ.%2ﬁ`()'"-D'L-.%|J$()ﬀ ,¨ﬀﬁ%5J$*"bT "(ﬂ.h9'L-.%= "%#&%J't2.(*P'LJﬂTK5%`c37÷J0*PK5J$ﬂ.ﬂ.(ﬂ.h
#. Pc%|ﬀﬁ%5'"-.32Jﬂ.2DKﬀﬁ#.J$ "%`'"-.()*!'LF'"-.%=ﬂT%5b.'" "$ﬂD*"KJ'L'"%5 P()ﬂTh02.J'"J=*S'"-.%='"%5ﬀﬁ#%5 PJ'LbT "%|4(ﬀ('S,f$ S'"-.%|ﬀﬁ()K "$
*PK5#%8!J$*0I\ $`ë$Jﬂ.$'L-.% +#473ﬀﬁ%5 V!J$*VK]-.*P%5ﬂ`('L-aJﬁ4)X+%5 + P2.% "2.(*"$ "2.% t'L PJﬂT*"('L(ﬂN'L%5ﬀﬁ#%5 PJ'"b. "%3_`-.%
K]-.$()K%S,f%5443ﬂ÷ﬃS6.ﬃSUÕæçîðïñóò"*"'d73 P%5ﬂ.%îðïñôò"cTb.'LJ$2.()%ﬂ.%kè"ëX`('L-÷Jxﬀﬁ%5J$*"bT "%2F P2.%5 P2.()*P P2.% 'L PJﬂ.*P()'"()$ﬂF'L%ﬀﬁ#&% "J$'Lb. P%
,0$ $  IÐ
ﬁﬀﬂ ﬃ ﬁ!"!#ﬁ$&%(')ﬁ*,+-')./0+-12ﬁ3.45+76 985+-:<;>=91.+-!"1
_`-.%0K]-.%ﬀﬁ()KJ4*P'L Pb.K5'"b. "%*V,'L-.%0(ﬂ3W%5*P'L(hJ$'L%2ﬀﬁ32.%54*P73*"'"%5ﬀﬁ*`J P%9*"-TX`ﬂN(ﬂ.hb. P%D
Å(hb. P%õ_`-.%0K]-.%ﬀﬁ()KJ4*P'L Pb.K5'"b. "%9$,'"-.%0 "%#&%J'Vb.ﬂ.('L*=,'"-.%0(ﬂkW$%5*P'L(hJ$'L%52ac.43K]K5$#&$4)73ﬀﬁ%5 P*G
dﬂ1'"-.%÷*P73ﬂ3'L-.%*"(*x$,tﬃS6Tuﬃ!U0ë.'d!N()*Pﬀﬁ% "*xJ P%ù#. P32.b.K5%2x_`-.%ùJ$ﬀﬁb.ﬂ3'=$,xë I P%5JK'L%2#&$4)73c.b.'"J2.(%5ﬂT%ù(*
J#T#. "XêZ@?A Idx*V!J$*!ﬀﬁ%5ﬂ3'"()$ﬂ.%52ëk'"-.%8ﬃSgSﬃ!ucT4)3K]()ﬂN'L-.%9ﬃSg!ﬃSﬃSl8/16Dﬀﬁ32.%54¨*P7k*P'L%ﬀ ()*V2.%b.'L% "J$'L%2_`-.%
 PJ'L(ùc%5'd+%5%ﬂ'"-.%xJ$ﬀﬁb.ﬂ3'S$,2.%b.'L% "(b.ﬀ JﬂT2-37k2T "$h%5ﬂK5Jﬂc&%8ﬀﬁ%5J*Pb. P%52c37Dx/1zàJ$ﬂ.2-.J$*!c%5%ﬂ,f$b.ﬂ.2'"
c%0J#.#. PX$o\@? ,%JK]-a()*P'"#%9 [Ð
_`-.%Dﬀﬁ32.%54S*"73*P'L%5ﬀﬁ*0J$ "%ﬁ*P7kﬀﬁﬀﬁ%5'" "(KD`('L-B P%5*P#&%K5'9'L'"-.%ﬀﬁ4%5Kb.4)J$ 9!%()h$-k'0$,!%JK]-c.4kK]£Jﬂ.2âﬂ.$'0ck7
'L-T%ﬂ3b.ﬀùc%5 ,`ﬀﬁ$ﬂ.ﬀﬁ%5 P(Kb.ﬂ.('L*()ﬂ¸%5J$K]-Bc.4)3K]x*÷KJﬂc%*P%5%ﬂ()ﬂ.hb. P%$)D'L-.%Nﬀ$4)%K5b.4J ÷!%()h$-3'F,
: z=()*Påz|]]\R¨æçgSè
¥¦¨§©ª¨¦©§«¬N¥¦©­®¯°1¥®±x±=².¦¨§³fª´ﬁ³fµ¬$¯ª¨¶¸·0¯¹.¯¬5®±x².§º0»³f¼Y½V³f¬$±x¾
'L-T%Dﬀ$ﬂ.ﬀﬁ% "(Kﬁb.ﬂ.('L*FWGJ P71c%5'd+%5%ﬂÑ'"-.%D*"73*P'L%ﬀ*XTbT "'"-.%5 Pﬀﬁ P%kë¨'"-.%Dﬂ3b.ﬀùc%5 0$,!ﬀﬁﬂTﬀﬁ%5 P()Kﬁb.ﬂT()'"*F()ﬂâ'"-.%





















x_`-.%2.%.ﬂ.('L(ﬂ£(*8c.J*P%521$ﬂ1'L-T%÷#.(K5'"b. P%÷$,OJﬂ1b.ﬂT#&% "'"b. "c%52Î^+Jb.*P*P()J$ﬂ1K5$ﬂ.,f PﬀﬁJ'L(ﬂ$,t'L-T%÷#473ﬀ% 











ﬃO473ﬀﬁ%5 P*!J$ "%9ﬀﬁJﬂ3b.,fJ$K5'LbT "%2N,f PﬀÊ4X`ﬀ$4)%K5b.4J P!%()h$-k'SK5ﬀﬁ#b.ﬂT2.*`K5J$4)4%52aﬀﬁﬂ.$ﬀ% "*Vc37#473ﬀ% "(M5J$'L(ﬂ
 P%5JK'L(ﬂ.*Xë()ﬂ÷`-.(K]-F4)J$ "h$%Sﬂ3b.ﬀ÷c&% "*,.ﬀﬁ$ﬂ.ﬀﬁ%5 ﬀﬁ4%5K5bT4)%*J$ "%S4)(ﬂ.%2ù'"h%'L-.% Glx%#&%ﬂ.2.(ﬂ.h8ﬂF'"-.%V*"'" "b.K'Lb. P%
,='L-.%aﬀﬁﬂ.$ﬀ% ù$ ÷ﬀﬁﬂTﬀﬁ%5 P*ùJ$ﬂ.2$ﬂ'L-.%a#47kﬀﬁ% "(M5J$'L(ﬂﬀﬁ%5'"-.32%ﬀ#T4)X7$%52ë#473ﬀ% ÷ﬀﬁ$4)%K5b.4%5*ﬀﬁJX7
%53-.(c.('`JﬁW
J$ "(%5'd7,J$ "K]-T()'"%5K5'"b. P%5*X/£*P'+KﬀﬁﬀﬁﬂaJ P%9'L-.%04()ﬂT%5J Xëkc. PJﬂ.K]-T%52ëkJ$ﬂ.2NﬂT%5'd+ PD*"'" "b.K'Lb. P%5*X
ﬃO473ﬀﬁ%5 P*J$ "%V$,f'L%5ﬂﬁc.4%5ﬂT2.%52D'"0ﬀ32.(,f7ù'"-.%5( S#T "$#&% "'"()%*O()ﬂﬁﬀùbTK]-'"-.%|*PJﬀﬁ%V!JX7ù'L-.J$'Oﬀ%'LJ$4)*tJ$ "%`J$4)4X7%2
_`-.%c.4%5ﬂ.2T%52Y#&$4)73ﬀﬁ%5 P*ﬁﬀJX7B$ ﬁﬀJX7ﬂ.'2.(*"*P4W%a()ﬂYﬂT%aJ$ﬂ.'"-.%5 ZS()ﬂYﬀﬁ*P'KJ*P%5*ﬁ'L-T%572.âﬂ.$'
kjÜ-.%5 P%
'L-T%57âJ P%ﬀﬁ(*"K()c.4%kë'"-.%a#. "$#&% "'"()%*ù$,`'L-.%a-.ﬀﬁ$h%5ﬂT%5bT*Fc.4%5ﬂ.2¸J P%,f'"%5ﬂJÑ!%()h$-k'"%52JXW$%5 PJh$%$,`'L-.$*"%N,
'L-T%(ﬂ.2.(W3()2Tb.J4O#473ﬀ% "*X0dﬂ'L-T%KJ*P%÷$,S(ﬀﬁﬀ(*PK5(c.4)%ﬁ#473ﬀ% 9c.4)%ﬂ.2.*Xë¨JWGJ PJ(%5'd7,!*"'" "J$'L%5h$()%*x-TJXW%c&%%5ﬂ
2.%W%54#%52N'L%%5#'"-.%9*"%#.J PJ'"%52#T-.J*P%x'"h$%5'L-T%5 V`-.%5ﬂac.4%5ﬂ.2T*+J$ "%8*Pb.c3éL%5K'L%2N'"÷*P'L P%5*P*G+n+ﬂ.%9*P'L PJ'L%h7ﬁ(*+'"
J2T2acT4)3K]$ |h PJ,f'VK#47kﬀﬁ% "*`,f$ "ﬀﬁ%52,f PﬀÁ'L-.%0ﬀﬁ$ﬂ.ﬀﬁ%5 P*|$,'"-.%F(ﬀﬀﬁ(*"K()cT4)%0-.$ﬀﬁ#47kﬀﬁ% "*`(ﬂ P2.%5 `'"
(ﬀ#T "XW$%x'"-.%0J2.-T%5*P()$ﬂNJ$'+'"-.%0cb.ﬂ.2TJ P()%*`c&%'d!%%5ﬂ'L-.%0#473ﬀﬁ%5 P*+#T-.J*P%5*X
lﬁﬀﬂ ﬃ 45mn')mnop.+-')/ﬂqpmn./0e$re3s%e:0=9!#+-')1










O_`-T%82T()ø%5 P%5ﬂ3'`K5$ﬂ..h$b. "J$'L(ﬂ.*VJ$ "%8*"-TX`ﬂN(ﬂ.hb. P%9I
Å()h$b. "%9I¨)$õ6TK]-.%5ﬀﬁJ'"()K0Thb. P%x$,Jﬁ-.$ﬀﬁ#47kﬀﬁ% `Jﬂ.2a2.(ø&% "%ﬂk'ùæç2.(dèfK5$#&$4)73ﬀﬁ%5 `'d73#%5*X
T$ ﬁ-.ﬀﬁ#473ﬀﬁ%5 P*GëÅ'"-.%ﬂ3b.ﬀùc%5 D$,=ﬀﬁﬂ.$ﬀﬁ%5 ﬁb.ﬂ.('L*D,f$ "ﬀﬁ(ﬂ.hÑ'"-.%K]-.J$()ﬂ¸()*D*Pb.ßﬁK5(%5ﬂ3'ﬁ'Lâ2.%*"K "(c&%'"-.%
K5$ﬀﬁ#&$*"('L(ﬂ+& xK5#473ﬀﬁ%5 P*|'L-.%÷ "J$'L(Dc&%'d!%%5ﬂ1'"-.%ùﬂ3b.ﬀ÷c&% =$,O2.()ø%5 P%5ﬂ3'|ﬀﬁ$ﬂ.ﬀﬁ%5 P(KFb.ﬂ.('L*8Jﬂ.2'"-.%ù'd73#%
,*P%53b.%5ﬂTK5%9()*`J$4)*Pﬁﬂ.%5K%5*P*"J$ "7ﬁ'"D2.%5*PK5 P()c%9'L-.%0*P'L Pb.K'Lb. P%k
v
vT	&@BÓ
_`-.%0*P%53b.%5ﬂTK5%9,ﬀ$ﬂ.ﬀﬁ% "(KxbTﬂ.()'"*|K5$ " P%5*P#ﬂ.2.*V'"'"-.%0*P%53b.%5ﬂTK5%9c.'"J(ﬂ.%52a(ﬂNJﬁ*P%5 P()%*`,'"*P*"%*










_`-.%=#. "%,f%5 P%5ﬂ3'L(J4&J'"'LJK]-Tﬀ%ﬂ3't,$ﬂ.%|ﬀﬁﬂ.$ﬀﬁ%5 P()K`b.ﬂT()'+'LFJ$ﬂ.'"-.%5 !()ﬂT}.b.%5ﬂTK5%5*!'L-.%x#. Pc.J$c.()4('d7








>	{zÓ _`-.%$#.#&$*"('L%NK5J$*"%(*J4*"1#*P*P()c.4%kë`-.% "%NJ'"'LJK]-Tﬀ%ﬂ3'ù(*ù#. P%5,f% " P%52B'"£'L-T%N*PJﬀﬁ%'d73#%k£dﬂ'L-.J$'
4)(ﬀﬁ()'V'L-T%0ﬀ$ﬂ.ﬀﬁ% "*V`(4)4c%0,fb.44)7N*"%#.J PJ'"%52J$ﬂ.2a'L-.%9 P%5*Pb.4)'V(*`J}|ñôï
IO~
K5$#&$4)73ﬀﬁ%5 XU+43K]DK5$#&$4)73ﬀﬁ%5 P*
J P%0ﬀJ$()ﬂT4)7a#. P%5#.J$ "%2ac37a4)(W3()ﬂTh#&$4)73ﬀﬁ%5 P(M5J'"()$ﬂk)êëTIë.jëTod+ã=X+%5W% Gëðc.4)3K]NK5#473ﬀﬁ%5 P*|J P%Fb.*Pb.J447
*"73ﬂ3'L-.%*"(M5%212.(ø&% "%ﬂ3'L47k9dﬂ.('L(J447J-.$ﬀa#47kﬀﬁ% x(*9*"73ﬂ3'L-.%*"(M5%2£c374()W3(ﬂ.hNJ$ﬂ.(ﬂ.(Kù#473ﬀ% "(M5J$'L(ﬂ
,f "$ﬀßﬂT%1'd73#&%1$,9ﬀ$ﬂ.ﬀﬁ% "*XŁ^+ PX`'L-Î$ﬂ.4)7Y3K5Kb. "*()ﬂÜ$ﬂ.%12.( "%K5'"()$ﬂë!'L-3b.*`-T%5ﬂÜ'L-T%£*P4b.'L(ﬂÎ(*
%53K]-.JﬂTh%52N`()'"-J*P%5Kﬂ.2aﬀﬁﬂ.$ﬀﬁ%5 `Jﬁ2.(c.4)3K]K#473ﬀ% `()*`,f$ "ﬀﬁ%2






K5$#&$4)73ﬀﬁ%5 P*X_`-.%0K]-TJ(ﬂ.*`J P%9,f'L%ﬂNJ$'L'"JK]-.%2Nﬀﬁ P%9 `4%5*P*` "J$ﬂ.2.$ﬀ47'"'"-.%0c.J$K]kcﬂT%k
lﬁﬀﬂl %(45mn1++-45m-9/ﬂﬁ'
_`-.%+#.-.J$*"%!c&%-.JXW3()$ $,.-.ﬀﬁ$#&$4)73ﬀﬁ%5 P*J$ﬂ.2ùc.4%5ﬂT2.*Å!J$*2.%*"K "(c%52ùc379Å4)$ "79J$ﬂ.2ùãxb.hh$()ﬂ.*JﬂT2ù(**Pb.ﬀﬁﬀﬁJ P()M%52
(ﬂ :Ð=_`-.%7aﬀﬁ32.%4)%2£'L-T%÷*P73*"'"%5ﬀÄJ*xJ'L-T "%%ù2.(ﬀﬁ%5ﬂ.*P()$ﬂ.J44J'L'"()K%÷J$ﬂ.21+%5 P%F(ﬂ£'L-T()*8*"(ﬀﬁ#.4%÷'"-.%5$ "7aJc.4%ù'"
JKK5$b.ﬂ3'+,f$ `'L-.%0#T-.J*P%9c&%-.JXW3()$ G






(ﬂk'"%5 PJK'L(ﬂYæçÅ4)$ "73ã=b.h$h(ﬂ.*Gèt#.J PJﬀﬁ%'L%5 |0l8b. "(ﬂ.h*P7kﬂ3'"-.%5*P()*XëJ44Å#.J PJﬀﬁ%'L%5 P*9K5J$ﬂ£c%Kﬂ3'L P44%52õ|'L-.%ﬁ2.%
h P%5%9$,#473ﬀ% "(M5J$'L(ﬂaJﬂ.2aK5$ﬀﬁ#&$*"('L(ﬂJ P%9K5$ﬂk'" "$4)4%52ac37'L-T%FJﬀﬁbTﬂk'V$,(ﬂ.('L(J'L$ `Jﬂ.2ﬀﬁﬂTﬀﬁ%5 `J$2.2.%52ë
`-.% "%J*0'L-T%(ﬂk'"%5 PJK'L(ﬂ#.J PJﬀﬁ%5'"%5 F2T%5#%5ﬂ.2.*÷ﬂâ'L-T%K]-.(K5%D$,Vﬀ$ﬂ.ﬀﬁ% "(Kﬁb.ﬂ.('L*X_`-T%#.-.J$*"%D2.(Jh$ "J$ﬀi(*
2.%*"K "(c&%2Nc37N'L-.%0KﬀùcT()ﬂ.%2N#TJ PJﬀﬁ%5'"%5 
[
Jﬂ.2'"-.%0W$4)b.ﬀﬁ%9,f PJK5'"()$ﬂN$,$ﬂ.%0,'L-.%0Kﬀﬁ#&$ﬂ.%5ﬂ3'"*G
UV4)3K]K#473ﬀ% "*ﬁ%k-T()c.('DJB P()K]-Y#.-.J$*"%c%5-.JXW3( X¸dﬂY'"-.% P2.% "%2¸*P'LJ$'L%këS(d %3Å`-.%5 P%'L-T%c.4)3K]3*DJ P%
(ﬀﬀﬁ(*"K()cT4)%3ëT'"-.%57#.-TJ*P%F*"%h P%5h$J'L%3!_`-.%ùﬀﬁJXéL$ =2.(ø%5 P%5ﬂ.K%F()ﬂ£#.-.J*P%ùc%5-TJXWk( =c&%'d!%%5ﬂ1-.$ﬀﬁ#47kﬀﬁ% "*|J$ﬂ.2
Å()h$b. P%I IõùJèVdﬂJ1ﬀﬁ()3'LbT "%N,V()ﬀﬁﬀﬁ(*"K()c.4%-Tﬀﬁ#473ﬀ% "*XëﬀJ$K5 P#.-TJ*P%D*"%#.J PJ'"()$ﬂÑ3K5Kb. P*GacèŁ+Kkè|_`-.%
K5XWGJ$4)%ﬂk'c&$ﬂ.2()ﬂ÷c.4)3K]0K#47kﬀﬁ% "*4)%J2.*'L9ﬀﬁ(K5 P#.-.J$*"%!*"%#.J PJ'"()$ﬂ¨cèTdﬂJxﬀﬁ(k'"b. P%!$,.'d!x-.ﬀﬁ$#&$4)73ﬀﬁ%5 P*
JﬂT2NJD2.(c.43K]K5$#&$4)73ﬀﬁ%5 Xë$JD*"b. P,fJK'LJ$ﬂk'+*P'LJcT()4()M%52#.-.J$*"%9*P%5#.J$ "J$'L(ﬂNK5Jﬂac%0#. "32.bTK5%52d














(ﬂ'L-.%0$ "2T%5 P%52a#.-.J*P%9-.J*`c%5%ﬂc.*P%5 PW%2dﬂ.hb. P%9I [ﬁ'L-.%0$c.*"% "W$%52N*"'" "b.K'Lb. P%5*`(ﬂﬃS6.ﬃS
æçîðïñóò"*"'d73 P%5ﬂ.%îðïñôò"(*P#. P%5ﬂ.%3èJ P%9()44)bT*"'" "J$'L%52aJ*`Jﬁ,fb.ﬂTK5'L(ﬂ$,'"-.%0W$4)b.ﬀﬁ%9,f PJK5'"()$ﬂN$,ﬃ!6
_`-.%x#.-.J*P%=2T()J$h PJﬀ ,f +'L-.%xﬃSgSﬃ!uﬃ!lx/£6Dﬀ32.%4¨*"73*P'L%5ﬀÆb.*P%52()ﬂN'L-.%x#. "%*"%ﬂ3'S*P'Lb.2.7D-TJ*+#. "%W3()$b.*"47c&%%5ﬂ
(ﬂkW$%5*P'L(hJ$'L%52tJ$ﬂ.2â()*F*P-.X`ﬂâ(ﬂB.hb. P%ﬁI jﬁx*ùKJﬂâc&%D*P%5%ﬂâ,f "$ﬀm'L-T%*"73ﬀﬁﬀﬁ%5'" "(KD*"J$ﬀﬁ#.4)%£æ
fVV
Ë\Ph oè




UV32.7NK5%5ﬂ3'"%5 P%52aK5b.c.(K9J P "J$ﬂ.h%ﬀﬁ%5ﬂ3'!$,'"-.%0*"#T-.%5 P%5*ùæçﬀ(K5%4)4%5*XèL
z|(*"åiz-i¨]\$RæçgSﬁè Z
¥¦¨§©ª¨¦©§«¬N¥¦©­®¯°1¥®±x±=².¦¨§³fª´ﬁ³fµ¬$¯ª¨¶¸·0¯¹.¯¬5®±x².§º0»³f¼Y½V³f¬$±x¾
Å()h$b. P%DI [õ8l8()ø%5 P%5ﬂ3'Fﬀﬁ(K5 P*P'L Pb.K5'"b. "%*9J*FJ,fb.ﬂTK5'L(ﬂâ$,+'"-.%DW$4)bTﬀ%D,f PJK'L(ﬂ,VﬃS6jÜ-.%5ﬂâ'"-.% P%5,f%5 P%5ﬂTK5%
+J*8#.b.c.4()*P-.%2ë¨('x+J*8'L-.$b.h-3'8'L-.J$'9'L-.%*"'" "bTK5'LbT "%c&%'d!%%5ﬂÑ'L-.%ﬁ4Jﬀﬁ%544)JN#.-.J$*"%Jﬂ.2Ñ'L-.%K5734()ﬂT2. "(K5J$4Å#.-.J*P%









q ãx%53Jh$ﬂ.J$4)47D P2.%5 P%52NK5734()ﬂ.2T%5 P*G

^+73 P(2#.-TJ*P%æf*P%5%9K5J$#.'L(ﬂa()ﬂÅ(hb. P%9I [èL
 Ì




 #. P%5*P%5ﬂ3'L47b.ﬂ.(2.%ﬂk'"()T%52*"'" "bTK5'LbT "%9d
 a
_`-.%02.(*"$ "2T%5 P%52*P'LJ$'L%3
Å(hb. P%9I jõgS3#%5 P()ﬀﬁ%ﬂk'"J44)72.%5'"%5 Pﬀ(ﬂ.%2a#T-.J*P%92.()J$h PJﬀ ,f$ `ﬃSgSﬃ!uﬃ!lx/£6$=2.J$#.'L%2a,f Pﬀ)Ð
lﬁﬀW %(49=91x/0opmn:%')ﬁ*,+-')./0+-1
W uW¡ M £¢¥¤¦¡§ ©¨ª©¨«§¬¢¥­¯®(°n­¤¦¡ª©±¤¦­
ﬃO473ﬀﬁ%5 P*%53-.(c.(''d+`'d7k#%5*,3ﬀﬁ P#.-.$4)$h7x()ﬂ0'"-.%S*P4()2ù*"'"J'L%3õJﬀﬁ P#.-.$b.*J$ﬂ.20*"%ﬀﬁ()K "73*P'LJ44()ﬂ.%3dﬂ0J$ﬂFJﬀﬁ P
#.-.$b.*0#47kﬀﬁ% 8'"-.%Dﬀﬁ4%5Kb.4)%*9J P%÷$ "(%5ﬂ3'L%2Ñ PJﬂT2.ﬀﬁ47Jﬂ.2J P%÷(ﬂ3'L% "'d`(ﬂ.%52ë¨ﬀùb.K]-4()$%÷Kk$%2£*P#.Jh$-.%5'"'L(dë
]\ z=()*Påz|]]\R¨æçgSè
¥¦¨§©ª¨¦©§«¬N¥¦©­®¯°1¥®±x±=².¦¨§³fª´ﬁ³fµ¬$¯ª¨¶¸·0¯¹.¯¬5®±x².§º0»³f¼Y½V³f¬$±x¾
JﬂT2B'L-.%N#&$4)73ﬀﬁ%5 F-TJ*ùJ£h4J*P*"4()$%kë'L PJﬂ.*P#.J P%5ﬂ3'0J$#.#&%J PJﬂ.K%kdﬂ*P%5ﬀﬁ()K "73*P'LJ$4)4()ﬂT%D#&$4)73ﬀﬁ%5 P*Gë'L-T%ﬀﬁ4%5Kb.4)%*
#.J$K]÷'"h%'L-.% !(ﬂ$ "2.% "%2D "%h(ﬂ.*!K5J$4)4%52K "73*P'LJ$4)4()'"%5*XëêJ$*S*P-.X`ﬂ(ﬂ.h$b. P%|I o=*Vﬀﬁ()h$-3'Sc%x%k#%5K'L%2ë$4)(ﬂ.%5J$ 
#47kﬀﬁ% "*Xë.-TJXWk(ﬂ.hNJW% "7a P%5hbT4)J$ =*P'L Pb.K5'"b. "%3ë.J$ "%÷ﬀﬁ P%F4)(%4)7'"Nc%ù*P%5ﬀﬁ(K5 P7k*P'LJ$4)4(ﬂ.%k=6.%5ﬀﬁ(K5 P73*"'"J44)(ﬂ.%F#473
ﬀﬁ%5 P*`'L%ﬂ.2'LD,f PﬀÊW$%5 P7'L$b.h-a#.4J*P'L(K5*`c%5K5J$b.*P%8$,'"-.%0*P'L Pﬂ.hﬁ(ﬂk'"%5 Pﬀﬁ4%5K5bT4)J$ +,f$ "K%5*VJ*P*PkK()J$'L%2N`('L-K54*P%
K]-.J$()ﬂa#.JK]3(ﬂ.hﬁ()ﬂa'L-T%0K5 P7k*P'LJ$4)4('L%5*X
Å()h$b. P%aI¨ o¨õâæ  %,f'
è³²O$4)bTﬀ%u'"%5ﬀﬁ#%5 PJ'LbT "%2.(Jh$ "J$ﬀÃ,f J$ﬀ$ "#T-.b.*ﬁJ$ﬂ.2¸*P%5ﬀﬁ(K5 P73*"'"J44)(ﬂ.%#&$4)73ﬀﬁ%5 P*XëO*P-.X`
(ﬂ.hW$4b.ﬀﬁ%F()ﬂTK5 P%5J*P(ﬂ.hD`()'"-£'"%5ﬀﬁ#&% "J$'Lb. P%©Åæç "(h-3'
èO*"K]-.%ﬀﬁJ'L(Kù2T()J$h PJﬀ$,O'L-.%÷*"%ﬀﬁ()K "73*P'LJ44()ﬂ.%ùﬀ$ "#T-.4h$7kë
*P-.X`()ﬂTh÷J$ﬀ$ "#T-.b.*V P%5h$()$ﬂ.*VJﬂ.2K5 P73*"'"J44)('L%*´ ZÐ
_`-.%K5 P73*"'"J44)(ﬂ.('d7a(ﬂ£#473ﬀﬁ%5 9ﬀﬁJ'L% "(J4*æçb.#'LaZR@?µ]\dè!()*9ﬂ.$'xJ$*x-T()h$-£J*9,f$ xﬀﬁ%5'"J4*æf2.(*"$ "2T%5 P*x4%5*P*
'L-TJﬂ£Ja#.J$ "'8#&% 9ﬀ(44)(ﬂ¶)\dèL9xﬀ$ "#T-.b.*8ﬀﬁJ'"%5 P()J$4)*82.aﬂ.'9-.JXW$%ùJ*P#%5K5(.Kﬁﬀﬁ%54'L(ﬂ.ha#&$()ﬂ3'
ë*"(ﬂ.K5%'L-T()*9(*
2.%.ﬂ.%52J$*`'L-.%0ﬀﬁ%54'L(ﬂ.hD$,'"-.%04)J$*"'`K "73*P'LJ$4(ﬂ'L-.%ùﬀJ$'L% "(J4d_ﬁ2.%*"K "(c&%0'"-.%5( |c%5-.JXW3( VJﬂT'L-T%5 `'L PJﬂT*"('L(ﬂ
(*`()ﬂ3'L P32.b.K%52k'"-.%9h4J*P*!'" "J$ﬂ.*"('L(ﬂN'L%ﬀ#%5 PJ'"b. P%
·kd'`()*V2.%.ﬂ.%52aJ*V'"-.%0#&$()ﬂ3'VJ'+`-.(K]-N'"-.%9ﬀﬁJ'L% "(J4¨h$k%*
,f PﬀÄJﬂ1%4)J$*"'"()Kù'LJNW3()*PK53%54J*P'L(KF P%5*P#&$ﬂ.*P%b)$d|_`-.%÷h4J*P*='" "J$ﬂ.*"('L(ﬂ'"%5ﬀﬁ#%5 PJ'LbT "%÷K5Jﬂc%ﬀ%J*Pb. P%52(ﬂ1J
 P-.%5$ﬀ%'L% GëG`-T%5 P%|*PK5(4)4J'" P70*"-T%5J S,f PK5%5*OKJﬂDc%|J#T#.4)(%52ﬁJ$ﬂ.2D'L-.%= "%*"#ﬂ.*P%V,f "$ﬀŁ'"-.%|ﬀﬁJ'"%5 P()J$4ð()*!ﬀﬁ%5J*Pb. P%52
J*`Jﬁ,fb.ﬂTK5'L(ﬂ$,'"%5ﬀﬁ#&% "J$'Lb. P%k
dﬂﬀ(K5 P#T-.J*P%!*P%5#TJ PJ'L%2ù2.(c.43K]FK5$#&$4)73ﬀﬁ%5 P*Gë
'd+8h4J*P*'" "J$ﬂ.*P()'"()$ﬂ.*ÅJ P%+%3#&%K5'L%2Xc'"-ﬁJ P%!K4)$*"%V'L9'"-.%













_`-.%0'" "J$ﬂ.*"('L(ﬂa'L%ﬀﬁ#&% "J$'Lb. P%5*`,f$ `'L-.%0#473ﬀ% "*Vb.*P%52J$ "%9'LJ$c.b.4J'"%52ac&%4)Xù
ﬃO$4)73ﬀﬁ%5 ﬃ!lx/£6 ﬃSgSﬃ ﬃS6
·º
 
 ]]I¨ uo$: Z$:
_Jc.4%ùI¨)$õV/1%5J$*"bT "%21h4J*P*='" "J$ﬂ.*"('L(ﬂ£'L%5ﬀﬁ#%5 PJ'"b. "%*x,f$ 9'L-.%#&$4)73ﬀﬁ%5 P*8b.*"%21(ﬂ£'L-T()*9'L-T%5*P()*X8_`-.%ﬁ
·
$,OﬃS6




_`+KJ*P%5*V,*P4b.c.(4)('d7,#47kﬀﬁ% "*``(4)4c&%02.(*PK5b.*P*"%2N(ﬂ'L-.(*|*P%5K'L(ﬂõ(ﬂa*P4W%ﬂ3'L*VJﬂ.2(ﬂ'L-T%5 `#47kﬀﬁ% "*X
_`-.%x,f Pﬀ% t-.J$*!'"Fc&%xK5$ﬂ.*"(2.% "%2D`-.%5ﬂ#T "%#.J P()ﬂTh0*"$4)b.'"()$ﬂ.*S,f$ S'"-.%=*P#.(ﬂK5J$*"'"()ﬂ.hù#. "3K%52.b. P%këêJﬂ.2D'"-.%=4J'"'L% 
2.(K5'"J'L%*`'L-.%0#T-.J*P%0c&%-.JXW3()$ V()ﬂ'L-T%0 "%*"b.4'L(ﬂ.hﬁ'L-T()ﬂ.4ﬀJ$ﬂ.2NcTb.4)




¿ÁÃ(*J4ﬀﬁ*P'J4+JX7k*#&$*"('L(W%xæçh$()ﬂ.h`,f Pﬀý'"-.%t P2.% "%20'L|'"-.%S2.(*P P2.%5 P%529#.-.J$*"%3èð2.bT%t'Lx'L-.%!()ﬂ.K "%J*P%5292.%h P%5%
z|(*"åiz-i¨]\$RæçgSﬁè 
¥¦¨§©ª¨¦©§«¬N¥¦©­®¯°1¥®±x±=².¦¨§³fª´ﬁ³fµ¬$¯ª¨¶¸·0¯¹.¯¬5®±x².§º0»³f¼Y½V³f¬$±x¾
,,f P%5%52Tﬀ1ë3`-.% "%J*Ä¿ÁÂKJﬂc%0#&$*"('L(W%0$ `ﬂ.%5h$J'L(W%3_`-.%0*P()h$ﬂN2.%#&%ﬂ.2.*xﬂa'L-.%F(ﬂ3'L% "J$K5'L(ﬂac%5'd+%5%5ﬂ'"-.%
#47kﬀﬁ% |Jﬂ.2'"-.%0*"$4)W$%5ﬂ3'VK5$ﬀ#TJ P%52a'L'"-.%0()ﬂ3'"%5 PJK5'"()$ﬂ.*`,'L-T%F#&$4)73ﬀﬁ%5 =`()'"-a('L*P%54,LOd,Å'"-.%F*P%54,(ﬂ3'L%5 PJK'L(ﬂ
(*`4)%*"*|,fJXW$ PJc.4%kë¿ÁÂÄ`()44c&%0ﬂT%5hJ$'L(W%3
_`-.%÷#&$4)73ﬀﬁ%5 Pu*P4W%ﬂ3'`()ﬂ3'L% "J$K5'"()$ﬂK5Jﬂ£c&%#.J PJﬀﬁ%'L%5 P(M5%52c37'L-.%Å4)$ "73ã=b.h$h(ﬂ.*|(ﬂ3'L%5 PJK'L(ﬂ1#TJ PJﬀﬁ%5'"%5 
`_`-T%0#.J PJﬀﬁ%5'"%5 VK5$ﬂ.*P()*P'L*V,%0ﬂ3'L-.J$4)#T()Kæf%ﬂ.%5 Ph%'L(KkèJ$ﬂ.2N%ﬂ3'L P#.(KæfK5$ﬂ.,f PﬀﬁJ'"()$ﬂ.J4dè'"%5 Pﬀﬁ*
,ÅsÁÆ æfI¨ [¨è
=KK5$ "2.(ﬂ.h9'L\)IÐëê'L-.%=%5ﬂ3'L P#.(K`K5$ﬂ3'L P()c.bT'L(ﬂﬁK5J$ﬂc%|'"J%ﬂﬁ'L0c%|K5$ﬂ.*"'"Jﬂ3'
ëO)ÆS\Ph [j¨_`-.%|%ﬂ3'L-.J$4)#.(K`'L% "ﬀ











(*x'"-.%÷ P%5,f% "%ﬂ.K5%ùW4b.ﬀﬁ%ùJ$ﬂ.2kÇ É JﬂT2kÇ Ê J P%ù'L-T%ùã=(42.%5c. PJﬂT21#.J PJﬀﬁ%'L%5 P*|,f$ x'"-.%÷'d+(ﬂ3'L%5 PJK'L(ﬂ.h
ﬀﬁ4%5Kb.4)%*G_`-.%` P%5,f% "%ﬂ.K5%VW$4)bTﬀ%V-.J$*tc%5%5ﬂﬁK]-.$*"%ﬂﬁ'L9c&%]R¨ [	
ËVJ'=o\ £d_`-T%|Å4)$ "73ã=b.h$h(ﬂ.*Å'L-.% P7
K5 P('L%5 P(ﬂa,f `Jﬁ#&$4)73ﬀﬁ%5 `J$ﬂ.2a*"$4)W$%5ﬂ3'V'Lﬁc&%0ﬀﬁ(*"K()cT4)%0(*
Ì\yh o æfI¨ o¨è





ﬃSgSﬃ ]o R 73K54-.%3Jﬂ.% : R
ﬃ!lx/£6 ]j¨ Z$ o : -T4)$ "$,f Pﬀ Z \
ﬃ!6 $ j$uI¨ _4b.%ﬂ.% R I
jÑJ$'L%5 j¨ Z
_Jc.4%SI¨ I¨õã=(4)2.%c. PJﬂ.2F#TJ PJﬀﬁ%5'"%5 P*,f 2.(ø&% "%ﬂk'#47kﬀﬁ% "*Jﬂ.2F*P4W%ﬂ3'L*X¨_`-.%+W
J$4)bT%5*J$ "%!'LJ$%5ﬂ0,f Pﬀ]I&ëð[d
_Jc.4%5*9J P%JXW
J$()4JcT4)%÷,f 0'L-T%*P4b.c.(4()'d7$,S#47kﬀﬁ% "*9(ﬂÑWGJ P(b.*9*P4W%5ﬂ3'"*x2.%#&%ﬂ.2.(ﬂ.hﬂK5$ﬂ.K5%ﬂk'" "J$'L(ﬂ£]I
æf*P%5%8'LJ$c.4%8I¨ I¨èLdﬂa.hb. P%8I :ù'L-T%8*P4b.c.(4()'d7D(*`#.4'L'"%52a,f VﬃS6Tuﬃ!lx/16N()ﬂaK]-.4 P,f$ "ﬀ Jﬂ.2aK573K4)$-.%53JﬂT%k_`-.%












Polymer−solvent parameters for Chloroform @ 20C














Polymer−solvent parameters for Cyclohexane @ 25C
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The lamellar period in symmetric diblock copolymer thin films
studied² by neutron reflectivity and AFM
Nikolaj³ Gadegaard ´ , Kristoffer Almdal, Niels Bent Larsen, Kell Mortensen
Risø National Laboratory, DK-4000 Roskilde, Denmark
Abstract
The lamellar structure of a symmetric diblock copolymer was studied as a function of temperature. We used
dµ PEP-PDMS with a molecular weight of 8.3 kg ¶ mol as model system. The polymer was dissolved in chloroform and
spin-casted on silicon wafers into thin uniform films. The degree and direction of lamellar ordering in the thin films was
measured by small angle neutron scattering. Neutron reflectivity was used to measure the detailed lamellar structure in the
thin· films. For the temperature scans only the first order Bragg peak was measured to determine the lamellar period in the
film. Our experimental results are compared to theoretical predictions on the scaling behavior of the lamella period as a
function of temperature. The morphology of the surface was investigated by atomic force microscopy. Holes were found
around defects in the films. The cross-section of the holes revealed the lamellar structure with a periodicity comparable to
what¸ was found by neutron reflectivity. ¹ 1999 Elsevier Science B.V. All rights reserved.
PACS:º 61.12.Ex;» 61.12.Ha; 68.55.-a
Keywords:¼ Block½ copolymers; Thin films; Neutron reflectivity; AFM and SANS
1. Introduction
Block copolymers have been studied extensively
during the past few decades. The incompatibility of
the¾ blocks lead to microscopic phase segregation
with a wide range of morphologies. The phase be-
havior of a mono disperse system can be described
by¿ the following parameters: the total degree of
polymerisationÀ NÁ , the volume fraction of one of the
polymerÀ blocks fÂ and the Flory–Huggins interac-A
Ã Ä




block¿ copolymer fÂ Ê fÂ , which is known to giveA BË
Ì Í
lamellar structures 1 .
TheÎ phase behavior may be used as a surface
modification technique. When mixing a homopoly-
mer with a small amount of a block copolymer, the
block¿ with the lowest surface energy will segregate
to¾ the surface, leaving the surface with a lower
surface energy.
WeÏ have studied the temperature dependence in
lamellar spacing for a confined geometry in a model
Ð
system of deuterated poly ethylene-alt-propylene-
Ñ Ò Ñ
block-dimethysiloxane dPEP-PDMSÓ with a low
Ô Õ
molecularÖ weight 8.3 kg × molÖ and a low glass
PE
Ø
P Ù Útransition¾ temperature T Û 56Ü C . This combina-gÝ
tion¾ leads to a highly mobile system at ambient
conditions.
0169-4332Þ ß 99à á $â - see front matter ã 1999 Elsevier Science B.V. All rights reserved.
ä å





( )ñN.ò Gadegaard et al. ó Appliedô Surface Science 142 1999 608–613 609»
2. Experimental
2.1. Sample preparation
TheÎ polymer was synthesized at Risø National
Laboratoryõ with a volume fraction fÂ ö 0.503 andPEØ P
a total degree of polymerisation NÁ ÷ 141. The or-
der–disorder transition temperature was measured to
be¿ 165ø C by rheology.
For
ù
the thin films the polymer was dissolved in
chloroform, which is a good solvent for both blocks,
inú concentrations of 10 and 70 mg û ml.Ö The thin
films were spin-casted on Piranha cleaned silicon.
The SANS samples were spin-casted on 3 ü 3 cm2
piecesÀ whereas the samples for neutron reflectivity
were spin-casted on wafers 10 cm in diameter. To
obtain high quality films, the surface was completely
flooded followed by maximum acceleration to a
speed of 4000 rpm that was maintained for 30 s.
Aý bulk sample for small angle neutron scattering
þ ß
SANS was made for comparison. The sample was
fixed in a sandwich of aluminum foil.  
WeÏ measured the prepared samples by XPS X-ray

photoelectronÀ spectroscopy to trace residual solvent,
but¿ no chlorine signal was detected. Annealing at
elevated temperatures was not necessary as the poly-
merÖ is in a highly mobile state at room temperature
 
low glass transition temperature . A SPECS Sage
100 was used for the XPS measurements operating
with a Mg X-ray source at 100 W.
2.2. Neutron scattering
TheÎ neutron experiments were performed at the
cold source from DR3 at Risø National Laboratory.
The wavelengths for the SANS and reflectivity ex-
˚ ˚perimentsÀ were chosen to be 5.4 A and 4.75 A,
respectively.
WeÏ used SANS to measure the lamellar spacing
inú bulk and the degree of ordering in the thin films.
TheÎ thin film samples were aligned with the surface
parallelÀ to the incident neutron beam.
 
For the neutron reflectivity NR experiments, the
large sample was mounted in a specially designed
vacuum oven to prevent oxidation of the polymer at
elevated temperatures. The sample was brought into
 
the¾ disordered state T  175	 C and then quenched
to¾ T 
  100 C within 5 min. The first order Bragg
   1peakÀ at 4    sin   q  0.045 was measured at
various temperatures up to T .OD T
Due to the very time consuming nature of neutron
˚ 
1 reflectivity,ﬀ full scans q ﬁ 0.01–0.15 A were
only measured at room temperature and above T .OD T
2.3. Atomic force microscopy
TheÎ surface morphology was measured using a
Digital Instrument Dimension 3000 operating in tap-
pingÀ mode. Since PDMS is especially soft, tapping
mode was chosen to prevent undesired perturbation
or directly damaging the surface.
3.ﬂ Results and discussion
Forù the bulk sample, the peak position in the
˚ ﬃ
1SANS experiment was found at q  0.045 A100
˚corresponding to a lamella period of 139 A.
TheÎ thin films, for the SANS experiments, were
aligned with the surface parallel to the incident
beam.¿ As can be seen in Fig. 1 the lamellae are
perfectlyÀ aligned parallel to the substrate.
Fig.ù 2 shows the resulting neutron reflectivity
curve at room temperature. The reflectivity curve
above T only shows the smooth Fresnel curveOD T
from an isotropic polymer film.
Fig. 1. SANS contour plot of the thin film, showing perfect
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Fig. 2. Neutron reflectivity curve with the corresponding profile measured at room temperature. The scattering length in the profile is
normalized to that of the substrate.
The reflectivity curve was fitted using the modi-
$ %
fied Parratt 2 formalism where the interfacial width
is described by an error function. Correction for
& '
experimental resolution 3 was included in the fit-
ting.¾ Since PDMS has a neutron scattering length
close to zero, it is difficult to determine if the top
layer is PDMS or PEP by NR. The top layer is
defined as the free interface. From the XPS measure-
mentÖ it was possible to determine the surface compo-
sition and thickness. PDMS is expected to be the top
layer due to the lowest surface energy of the two
( )
blocks.¿ The element composition would be C:Si:O
50%:25%:25%, where we measured 63%:18%:19%.
The signal, however, decays exponentially in hydro-
˚ * +carbons with a characteristic length of 25 A 4 .
Combining this characteristic decay length with the
measured element composition, we can conclude that
the¾ thickness of the outermost PDMS layer was
˚ ˚calculated to be 34 A , 3 A, in agreement with the
expected thickness for half a layer.
In the profile reconstruction of the reflectivity
curve, the information from XPS was used as a
starting guess for the top layer. The thickness of the
thin¾ film is reflected in the width of the first order
Bragg peak. This information was used as a starting
guess for estimating the number of layers during
fitting. The fitted curve with the corresponding scat-
tering¾ length profile is shown in Fig. 2.
It- should be noted that both the top and bottom
layers have approximately half the thickness of the
interior layers. This can be explained by the void
space left at the top and bottom interfaces. To com-
pensateÀ for this, the polymers collapse into Gaussian
coils. The composition of the free and substrate
interfaces is determined by the gain in interfacial
energy. It is energetically more favorable to cover
the¾ substrate with PEP, which has a higher surface
energy than PDMS, whereas PDMS is more favor-
able at the free surface. The length of the interior
˚ ˚layers was found to be 77 A . 4/ A leading to a
˚ ˚complete period of 154 A 0 8 A. This value is
slightly higher than for the bulk structure, which
meansÖ that the confined geometry gives rise to a
slightly more stretched structure than in bulk. The
˚ ˚interfacial width was found to be 14 A 1 1 A.
In- each temperature measurement a Gaussian was
fitted to the first order Bragg peak and the layer
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Fig.4 3. First order Bragg peak position from NR plotted as a function of temperature. The scaling parameter was fitted in the range
PE5 P 6 7T 8 T 9 T closed: symbols .g ODT
; <
plottedÀ as a function of temperature see Fig. 3 . The
change in sign for the slope at = 250 K, above T , isgÝ
> ?
mostÖ likely to be a melting of PDMS 5 , rather than
the¾ glass transition for PEP.
@ A
Leibler 6 used a mean field approach to describe
the¾ phase behavior near the order–disorder transition
B C
ODT . This region is often termed the weak segre-
D E
gation regime WSR , due to the interface profile,
which is nearly sinusoidal. He predicted the transi-
tion¾ to occur at F NÁ G 10.5, where the Flory–Hug-
gins interaction parameter H can be written as is the
sum of the enthalpic and entropic energies
A
I J K BL 1
M N
T
with A O 63.3 K and B P Q 4 R 10 S 2 . 1
T U
Helfand and Wasserman 7 used a narrow inter-
face approximation to describe the strong segrega-
1 TheV values were found from SANS experiments on a set of
polymersW with different degree of polymerisation. Unpublished.
X Y
tion¾ regime SSR , Z NÁ [ 30, where the profile is
\ ]
nearly step-like. Semenov 8 derived an analytical
Fig. 4. AFM micrograph of the surface. The line indicates the
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expression for the scaling behavior of the repeat
distance D` inú a lamellar structure. His scaling pre-
diction in the strong segregation regime is given as







Melenkevitzl and Muthukumar 9 used density func-
tional¾ theory and identified a change in the scaling





the range from 15 to 95 while D` p q 0.
g
17 for
r NÁ s 95. In the SSR Melenkevitz and Muthukumar’s
expression reduces to Semenov’s.
TheÎ measured data are shown in Fig. 3, where the
data above the crystallisation temperature and below
T has been fitted to the scaling expression D tODu T
v pw
. The exponent is found to be px y 0.21 z 0.01
which is in very good agreement with Melenkevitz
and Muthukumar’s scaling exponent in the interme-
{ |
diate regime 15 } ~  95 . The interfacial width
found in the reflectivity analysis corresponds to an
almost sinusoidal interface, which confirms this re-
sult.
The surface morphology was measured by AFM.
Defects in the film, probably from the preparation
 
process,À induced holes in the film see Fig. 4 . A
 
cross-section Fig. 5 clearly shows the stratified
˚ ˚
 
structure. The periodicity 145 A  10 A is fully
˚

comparable to what is measured by NR 154 A  5
˚ A . As can be seen from the cross-section, the
outermost layer does not show half the thickness as
was measured by XPS. This can be explained by the
fact, that the AFM always measures on exposed
surfaces. On every plateau in the hole, the surfaces
Fig.4 5. Cross-section of a hole in the thin film. It clearly shows the
stratifiedŁ structure of the thin film.
will be collapsed, hence only full periods will be
measured. It should be noted that the defect did not
penetrateÀ to the substrate. Consequently the expected
half

layer at the bottom of the film was not observed.
4. Conclusions
TheÎ highly mobile system, we have investigated,
has shown the induced order from the confined
geometry of the system. We have shown that the top
layer has half the length of the layers in the interior
structure using the powerful combination of XPS and
NR. Segregation to the surfaces is driven by two
 
effects 10 . A large difference in surface energy
between¿ the two blocks will drive the low surface
energy component to the surface. This is the fact for
both¿ the free and solid surface. If the blocks have
similar surface energies the most flexible block will
tend¾ to segregate to the surface. PDMS has a low
surface energy and is the most flexible of the two







1   distance R  M is 0.924 A mol g and 0.4220g
˚
2  1A mol g for PEP and PDMS, respectively, at
  
roomﬀ temperature 11 .
TheÎ scaling behavior of the lamella period pre-
dicted theoretically by Semenov and Melenkevitz
and Muthukumar has been confirmed for the con-
fined geometry. The exponent was found to be in
excellent agreement with the theoretical prediction in
the¾ intermediate regime.
AFMý has shown to be a valuable tool in the
analysis of lamellar systems where it is possible to

probeÀ the sample surface structure on a local micro-

scopic scale and use small samples, whereas neutron
reflectivityﬀ requires large samples and measures large
 
areas macroscopic , but provide information on the
interior film structure.
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Abstract (Max. 2000 char.)
Thin diblock copolymer lm have been investigated by x-ray and neutron reec-
tivity as well as small angle x-ray and neutron scattering. Two model systems have
been investigated. PS-PDMS (25 kg/mol-25 kg/mol), which has a glass transition
temperature of ca. 100
o
Cfor the PS-block. This means that the structure can be
frozen below that temperature, thus the development of the lamella structure may
be follow by reectivity. It was, however, not possible to reach the expected equi-
librium structure. Hence the second model system, deuterateted PEP-PDMS (4.4
kg/mol-4.4 kg/mol) was chosen for its low glass transition temperature -56
o
C. This
means that the system spontaneously should form lammela ordered structures at
room temperature. This ordering was studied by neutron reectivity and small
angle neutron scattering in the temperature range from -140
o
C(below PDMS'
glass transition temperature, -127
o





C). Results were found to be in perfect agreement with theory.
Surface morphology as function of temperature was also measured, and holes in
the surface resembled the periodicity measured by reectivity.
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